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chronic kidney disease; epoxyeicosatrienoic acid; peroxisome proliferator-activated receptor; soluble epoxide hydrolase; trans-4-{4- [3-(4-trifluoromethoxyphenyl) ureido]cyclohexyloxy}benzoic acid CHRONIC KIDNEY DISEASE (CKD) is progressive, incurable, and ultimately fatal (2) . The incidence and prevalence of CKD is increasing, and the associated financial burden is overwhelming the United States healthcare system (21) . Renal interstitial fibrosis and tubular atrophy are the final common pathways in CKD that lead to disease progression and, ultimately, end-stage renal disease (10) . Current therapy directed at inhibiting the renin-angiotensin-aldosterone system can slow the progression but cannot prevent or cure end-stage renal disease, and, therefore, the development of novel approaches to treat CKD are required (12) .
The eicosanoid metabolites of arachidonic acid are generated through the action of three classes of enzymes: cyclooxygenase, lipoxygenase, and cytochrome P-450 (CYP). Eicosanoids play important roles in physiology, including vasodilatory, anti-inflammatory, and antiapoptotic functions (9, 28, 58) . CYP oxidases, mainly the CYP2C and CYP2J families, metabolize arachidonic acid into several products, including epoxyeicosatrienoic acids (EETs), by catalyzing the epoxidation of the olefinic bonds of arachidonic acid, resulting in the production of the following four regioisomeric EETs: 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET (25) . Once formed, EETs are rapidly hydrated in vivo by epoxide hydrolases, primarily soluble epoxide hydrolase (sEH) in the cytosol, to their corresponding less potent diols, termed dihydroxyeicosatrienoic acids (DHETs). Therefore, sEH activity is a major determinant of EET bioavailability (68) . Genetic deletion of sEH as well as its pharmacological inhibition increases EET levels in tissues and plasma, potentiates the effects of EETs, and thus elicits antihypertensive and anti-inflammatory effects (11, 27) . In experimental models of diabetes, chronic administration of sEH inhibitors improves glucose homeostasis by increasing insulin release and sensitivity and also attenuates target organ damage (17, 26, 49) . Inhibition of sEH has also been shown to decrease glomerular injury and renal inflammation in rodent models of angiotensin-induced and DOCA-salt-induced hypertension (45, 48, 51) . Inhibition of the sEH enzyme has beneficial effects on cardiovascular disorders, including ischemiareperfusion, heart failure, and atherosclerosis (26) .
We have previously demonstrated that genetic ablation of sEH prevents inflammation and fibrogenesis in unilateral ureteral obstruction (UUO) and glomerulonephropathy models of CKD by increasing EET bioavailability (35) . Given the pathophysiological role of the EET pathway, we tested the premise that pharmacological inhibition of sEH would prevent the inflammatory and fibrogenic response and thus provide a novel approach to manage the progression of the disease in the UUO model of CKD. In the present study, we characterized the efficacy of the highly potent sEH inhibitor trans-4-{4- [3-(4-trifluoromethoxyphenyl) ureido]cyclohexyloxy}benzoic acid [t-TUCB (64)] in modulating the inflammatory and fibrogenic response in the UUO kidney.
MATERIALS AND METHODS
UUO model. Male C57BL/6J mice (age: 8 -10 wk) were purchased from Jackson Laboratories (Bar Harbor, ME). All mouse experiments were performed in accordance with animal protocols approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center. UUO was conducted as previously reported (38, 39) . Briefly, mice were anesthetized with an intraperitoneal injection of a cocktail containing ketamine (200 mg/kg body wt) and xylazine (16 mg/kg body wt). After exposure of the left kidney through a left flank incision, the left ureter was ligated completely near the kidney pelvis using a 5-0 silk tie. Sham-operated mice underwent the same surgical procedure without ureter ligation. For the pharmacological inhibition of sEH, t-TUCB [0.4 mg·mouse Ϫ1 ·day
Ϫ1
(63, 65)] or vehicle (10% DMSO in 0.5% methylcellulose) was administered by oral gavage beginning 24 h before UUO. Currently, t-TUCB is an experimental tool. No side effects have been noted in Ͼ20 publications using t-TUCB and additional publications on its cis isomer. The compound is negative in Ames' assays and has been tested in scaling doses in equine medicine in vivo from 0.01 to 3 mg/kg iv with no side effects (20) . It has been recently tested on hERG and CYP enzymes involved in EET synthesis and was found to have no side effects (44) . Renal blood flow measurement. A laser-Doppler flowmeter (BLF-21D, Transonic Systems, Ithaca, NY) was used in conjunction with the fiber optic probe to detect perfusion in the renal cortex, providing a voltage output that is proportional to flow. After a 30-min stabilization period, the control value for cortical blood flow was assessed. Subsequently, UUO was induced, and, after a stabilization period, cortical renal blood flow was assessed at 10 min and 24 h after UUO in vehicle-and t-TUCB-treated mice, as previously described (31) . Total renal blood flow was measured using ultrasound monitoring (Vevo 770 system, VisualSonics, Toronto, ON, Canada) at 30 min and 1 day after UUO, as previously described (4, 61) .
Blood pressure measurement. The systolic blood pressure of mice was measured by a noninvasive tail-cuff method (CODA, Kent Scientific, Torrington, CT). Mice were placed on a heated platform (30°C) in an isolated chamber, and systolic blood pressure levels were obtained.
Collagen deposition. Collagen deposition was assessed by both Sirius red staining and hydroxyproline assay as previously described (38, 39) . The area of positive Sirius red staining was measured in five randomly chosen high-power (ϫ200 magnification) fields per kidney using ImageJ software (National Institutes of Health).
Immunohistochemistry, histology, and TUNEL assay. Immunohistochemical staining of the kidneys was performed on paraffin-embedded sections as previously described (40) . Briefly, 4% paraformaldehyde-fixed kidney sections were rehydrated and labeled with antibodies against ␣-smooth muscle actin (␣-SMA; Sigma, St. Louis, MO), F4/80 (Abcam, Cambridge, MA), or polymorphonuclear neutrophils (PMNs; Accurate, Westbury, NY). Sections were then incubated with peroxidase-conjugated secondary antibodies (Vector Laboratories, Burlingame, CA). The respective ␣-SMA-positive area and F4/80-positive area were measured in 10 randomly chosen high-power (ϫ200 magnification) fields per kidney using ImageJ software. The number of PMN-positive cells was counted in 10 randomly chosen high-power (ϫ200 magnification) fields per kidney. Periodic acidSchiff-stained sections were used to determine the tubular injury score as previously described (37) . Histological damage of tubular injury was scored by the percentage of tubules that displayed tubular necrosis, cast formation, and tubular dilation as follows: 0 ϭ normal, 1 ϭ Ͻ10%, 2 ϭ 10 -25%, 3 ϭ 26 -50%, 4 ϭ 51-75%, and 5 ϭ Ͼ75%. Ten randomly chosen high-power (ϫ200 magnification) fields per kidney were used for the counting.
Western blot analysis. We performed electrophoresis of protein extracts using Tris-glycine buffer systems and subsequent blotting as previously described (37, 39) . Membranes were incubated with antibodies against ␣-SMA (Sigma), fibronectin (Cedarlane, Hornby, ON, Canada), phosphorylated (p-)Smad3, p-NF-B p65 (p-p65), poly-(ADP-ribose) polymerase 1 (PARP1), caspase-3 (Cell Signaling, Beverly, MA), poly(ADP-ribose) (PAR; BD Pharmingen, San Jose, CA), ICAM-1 (Santa Cruz Biotechnology, Santa Cruz, CA), TNF-␣ (Abcam), or sEH (Cayman). Peroxidase-conjugated secondary antibodies (Vector Laboratories) were applied, and a chemiluminescence reagent (Perkin-Elmer, Boston, MA) was used to detect proteins. Anti-␤-actin antibody (Sigma) was used for loading controls on stripped membranes. Bands were quantified using Lab Works analysis software (Ultra-Violet Products, Cambridge, UK).
ELISA. The ratios of EETs to DHETs in the kidneys were assessed using an EET/DHET ELISA kit (Detroit R&D, Detroit, MI). Levels of transforming growth factor (TGF)-␤ 1, keratinocyte chemoattractant, macrophage inflammatory protein-2, and monocyte chemotactic protein-1 in the kidneys were measured using a multiplex immunoassay (Millipore, Bedford, MA). Activities of peroxisome proliferator-activated receptor (PPAR) isoforms in the kidneys were measured using the PPAR-␣, -␤/␦, and -␥ transcription factor assay kit (Cayman). The level of lipid hydroperoxide in the kidneys was measured using a lipid hydroperoxide assay kit (Cayman).
Statistical analyses. ANOVA was used to compare data among groups. Differences between two groups were assessed by a two-tailed unpaired Student's t-test. P values of Ͻ0.05 were considered statistically significant.
RESULTS

Pharmacological inhibition of sEH increases levels of EETs in UUO kidneys.
To assess the role of sEH during renal interstitial fibrogenesis in vivo, we used the UUO mouse model of obstructive nephropathy. UUO increased expression of sEH protein in a time-dependent fashion in mouse kidneys treated with vehicle or t-TUCB at 3 and 10 days after UUO (Fig. 1A) . The ratio of EETs to DHETs was decreased in vehicle-treated kidneys at 10 days after UUO, but kidneys in mice treated with t-TUCB showed a significantly increased ratio of EETs to DHETs compared with that in mouse kidneys treated with vehicle (Fig. 1B) . These target engagement data indicate that t-TUCB treatment is effective at inhibiting sEH catalytic activaty but not in regulating its expression level.
sEH inhibition prevents renal fibrogenesis during UUO. During UUO, vehicle-treated kidneys showed a time-dependent increase of collagen deposition, as evaluated by Sirius red-positive area and hydroxyproline level, whereas pharmacological inhibition of sEH markedly reduced collagen deposition (Fig. 2 , A-C). UUO-induced tubulointerstitial expression of ␣-SMA, a marker of myofibroblast formation, was also diminished by sEH inhibition (Fig. 2, A and D) . At 3 or 10 days after UUO, fibronectin and ␣-SMA expression in whole kidneys was also diminished by sEH inhibition (Fig. 2E ). Since myofibroblast differentiation and activation by TGF-␤ signaling are critical events in renal fibrosis (7), we tested whether the TGF-␤ 1 level was affected by sEH activation in UUO kidneys. The TGF-␤ 1 level and its downstream signaling mediator p-Smad3 were significantly reduced in t-TUCBtreated kidneys at 3 and 10 days after UUO compared with those in vehicle-treated kidneys (Fig. 3, A and B) .
sEH inhibition does not alter blood pressure or renal blood flow after UUO. To determine whether the effects of t-TUCB are mediated through alterations in hemodynamics, blood pressure and renal blood flow were assessed. UUO decreased total and cortical renal blood flow, but treatment with t-TUCB did not significantly alter their levels before and after UUO (Fig. 4, A and B) . Furthermore, systolic blood pressure assessed using a tail-cuff method was not different between groups over a period of 10 days (123.750 Ϯ 6.585 mmHg in vehicle at 0 days after UUO, 120.625 Ϯ 4.229 mmHg with t-TUCB at 0 days after UUO, 130.464 Ϯ 8.560 mmHg with vehicle at 10 days after UUO, and 127.375 Ϯ 12.613 mmHg with t-TUCB at 10 days after UUO). These data suggest that sEH activation contributes to tubulointerstitial fibrogenesis independent of renal hemodynamics and blood pressure. sEH inhibition attenuates inflammation during UUO. To determine whether sEH is implicated in renal inflammation in obstructive nephropathy, we next examined leukocyte influx and proinflammatory response in UUO kidneys. At 3 and 10 days after UUO, a prominent influx of both PMN-positive neutrophils and F4/80-positive macrophages occurred in vehicle-treated kidneys, but sEH inhibition significantly attenuated this influx in UUO kidneys (Fig. 5) . Similarly, sEH inhibition decreased levels of keratinocyte chemoattractant, macrophage inflammatory protein-2, and monocyte chemotactic protein-1, potent leukocyte chemotactic factors upregulated by UUO (Fig. 6A ). Since these chemotactic factors can be transactivated by the NF-B transcription factor (55, 62, 66), we assessed NF-B activation by quantifying the phosphorylation status of p-p65 in UUO kidneys. The level of p-p65 was significantly reduced in t-TUCB-treated kidneys during UUO compared with that in vehicle-treated kidneys (Fig. 6B) . Among other NF-B target gene proteins, expression levels of TNF-␣ and ICAM-1 were also attenuated by sEH inhibition during UUO (Fig. 6B) . These data suggest that sEH upregulation exacerbates renal inflammation in an NF-B-dependent manner during interstitial fibrogenesis.
sEH inhibition diminishes oxidative stress and cell death during UUO. To explore whether sEH inhibition contributes to an antioxidative mechanism during UUO, we next evaluated lipid peroxidation in UUO kidneys with or without sEH inhibition. UUO increased lipid peroxidation, as represented by the increased level of lipid hydroperoxide in vehicle-treated kidneys at 3 and 10 days, whereas sEH inhibition ameliorated lipid peroxidation induced by UUO (Fig. 7A) . Since inflammation and fibrogenesis can be initiated by cell death (54), we assessed tubular injury and cell death in UUO-subjected kidneys with or without sEH inhibition. The tubular injury score based on periodic acid-Schiff-stained kidney sections was increased at 3 and 10 days after UUO, but sEH inhibition significantly attenuated the score in UUO kidneys (Fig. 7B) . sEH inhibition also reduced UUO-induced tubular cell death, including both necrosis, as demonstrated by PARP1-dependent increased PAR formation and PARP1 expression, and apoptosis, as demonstrated by cleaved PARP1 and caspase-3 expression (Fig. 7C ). These data suggest that sEH activation and the resulting decline in epoxy fatty acids induces oxidative stress, leading to the progression of tubular cell death.
sEH inhibition induces PPAR activation during UUO. PPAR isoforms play a protective role in renal interstitial fibrosis (22, 34) . The activity of PPAR isoforms was time dependently decreased in vehicle-treated mouse kidneys after UUO, but sEH inhibition attenuated the decrease in activity of PPARs after UUO. PPAR-␥ activity was reduced by UUO as early as 3 days and persisted at 10 days (Fig. 8) , whereas PPAR-␣ and PPAR-␤/␥ were reduced only at 10 days after UUO. Inhibition of sEH significantly restored the activity of all PPAR isoforms at 10 days after UUO.
DISCUSSION
CKD is a major public health problem on a global scale, with enormous socioeconomic burden on families and society. Despite the desperate need for therapy, no effective treatment has been developed, mainly because of a lack of understanding of the complex pathophysiology of CKD. Regardless of the disease etiology, which includes hypertension and diabetes, tubulointerstitial fibrosis is the final common pathway in CKD that leads to disease progression and, ultimately, end-stage renal disease. The major features of tubulointerstitial fibrosis include an inflammatory cascade with infiltration of inflammatory cells and the release of inflammatory cytokines, oxidative stress, differentiation of different types of cells to myofibroblasts, deposition of extracellular matrix components, microvascular rarefaction, tubular injury, and atrophy (15, 23, 46) . The major fibrogenic signaling molecule TGF-␤ is induced and released by the injured tubules and infiltrating cells (5, 6) . Recently, TGF-␤-independent signaling via other molecules, including NF-B and ANG II, has also been implicated in renal fibrosis (30, 50, 57) . However, the primary signaling pathways that activate these overlapping malevolent events and the consequent inflammatory response and fibrosis after the initial insult to the kidney remain undefined. Defining the primary signaling events may be required to design effective therapeutic strategies to prevent CKD at its onset.
We recently reported that genetic ablation of sEH could prevent the progression of renal failure in two experimental models of CKD, the UUO model and in glomerulonephropathy, by attenuating inflammation and interstitial fibrogenesis (36). In the present study, we tested the effect of pharmacological inhibition of sEH on the development of renal failure in the mouse UUO model using the highly potent sEH inhibitor t-TUCB. Our data indicate that pharmacological inhibition of sEH is equally beneficial to sEH deletion in preventing the progression of renal failure. Pharmacological inhibition of sEH increased EET levels in UUO kidneys. Furthermore, intrarenal levels of inflammatory cytokines, including TGF-␤ and NF-B, chemokines, and the infiltration of both neutrophils and macrophages into the renal parenchyma, were significantly reduced. The fibrotic response was significantly attenuated, as shown by decreased collagen, fibronectin, and ␣-SMA deposition in UUO-induced kidneys. sEH inhibition also prevented histological damage, attenuated oxidative stress, decreased apoptosis, and significantly increased the activities of PPARs, especially the level of PPAR-␥. Collectively, these data suggest that increasing the levels of EETs inhibits a myriad of malevolent signaling events to prevent renal interstitial inflammation and fibrogenesis in the mouse UUO model.
The expression level and activity of sEH are increased in kidney proximal tubules, suggesting that EET levels and their protective effects may be modulated after UUO (18) . Indeed, our data indicate that levels of EETs are decreased after UUO as a function of sEH, because its inhibition using t-TUCB significantly increased the levels of 11,12-EET and 14,15-EET regioisomers. Furthermore, the increases in the ratio of EETs to DHETs indicated the effectiveness of t-TUCB as a sEH inhibitor. EETs can elicit several physiological effects, including antioxidative functions, anti-inflammatory effects by limiting leukocyte adhesion, transmigration across the endothelium and inhibiting platelet aggregation, promoting fibrinolysis, and regulating angiogenesis (3). The precise signaling pathways transduced by EETs have not been defined because no receptors for EETs have been identified to date. However, it has been suggested that EETs may effect these functions by coupling to and activating ion channels and/or signaling proteins or transcription factors, including PPAR-␥ (26) . Oxidative stress plays a major role in the pathophysiology of CKD by promoting inflammation and apoptotic signals, increasing matrix deposition, and inducing epithelial-to-myofibroblast transformation (60) . Mitigation of ROS levels using a SOD mimetic or treatment with scavenging reagents attenuates renal fibrosis after UUO (13) . In agreement with previous studies, our data show that UUO increases lipid peroxidation, a marker of oxidative stress. sEH inhibition attenuated oxidative stress, as shown by decreased lipid peroxidation after UUO. Oxidative stress and inflammation are tightly linked, and they can reciprocally induce each other. It is well established that ROS can induce oxidative damage to DNA and hyperactivation of PARP1 (40) . PARP1 can activate the inflammatory transcription factor NF-B by binding directly to its subunits p65 and p50. Our data indicate that pharmacological inhibition of sEH attenuates PARP1 and NF-B activation as well as the inflammatory response in UUO-induced mouse kidneys, similar to that observed in sEH-deficient UUOinduced kidneys. These data are also in agreement with our previous report (38) showing that in the absence of PARP1, NF-B-mediated inflammatory mediators TNF-␣ and ICAM-1, infiltration of inflammatory cells, and the production of cytokines are all attenuated, suggesting a PARP1-NF-Binflammation axis in the UUO-induced kidney. These data also agree with previous reports showing that sEH inhibition attenuated myocardial NF-B activation in a model of cardiac hypertrophy (67) and in DOCA-salt-induced hypertension (51) .
A variety of eicosanoids derived from arachidonic acid have been found to be ligands of PPAR-␥, including EETs (47) . PPAR-␥ is a negative regulator of profibrotic signaling and blocks matrix deposition and fibrogenesis in diabetic glomerulosclerosis (53) and CCl 4 -induced liver fibrosis (43) . PPAR levels are downregulated in UUO kidneys, but sEH gene ablation or, as shown in the present study, its pharmacological inhibition restores levels of PPARs and attenuates UUOinduced fibrosis. It has previously been shown that the sEHselective inhibitor adamantyl-ureido-dodecanoic acid increased PPAR-␥ transcription activity in endothelial cells and 3T3-L1 preadipocytes (47) . However, the molecular signaling pathways by which PPARs attenuate UUO-induced fibrosis are not well characterized. A role for PPAR-␥ has been reported in regulating ROS levels in the hypothalamus in high fat diet-fed mice (14) and in LPS-induced pulpal inflammation (41) . PPAR-␥ has also been implicated in the modulation of TGF-␤/Smad3 signaling. The PPAR-␥ agonist troglitazone attenuates UUO-induced renal interstitial fibrosis and inflammation through suppression of TGF-␤ 1 expression (33). Ligand-activated PPAR-␥ prevents TGF-␤-induced collagen synthesis via sequestration of the essential coactivator p300 from the TGF-␤-induced p-Smad complex on the collagen gene promoter (19) . It remains to be determined if EETs may attenuate ROS production, inflammatory responses, and/or TGF-␤/Smad3 stimulation via PPAR-␥ activation after UUO.
Hypertension is an important pathogenic factor in the progression of CKD. The role of sEH inhibition and EETs on its antihypertensive effects on renoprotection is under debate because blood pressure lowering has been demonstrated in some studies but not in others. There appear to be two major factors in this debate. In spontaneously hypertensive rats, ANG II-induced hypertension and DOCA-salt-induced and salt-sensitive hypertension models, sEH inhibition demonstrated antihypertensive effects (24, 29, 32, 48) . However, the antihypertensive effect of sEH inhibitors is model dependent and was not observed in 5/6-nephrectomic mice (8), stroke-prone spontaneously hypertensive rats (16) , and hypertensive GotoKakizaki rats (56) . Can lowering blood pressure be one of the mechanisms by which sEH inhibition exerts renoprotective effects in models of hypertensive kidney injury? sEH inhibition was protective in animal models with lowered blood pressure (29, 52) as well as in those without lowered blood pressure (56, 59) . The results of these studies suggest that sEH inhibitors can exert renoprotective effects independent of their blood pressure-lowering effects. A lack of effect of lowering blood pressure on renoprotection has also been observed in CKD patients. In both the African American Study of Kidney Disease and Hypertension and Modification of Diet in Renal Disease studies, blood pressure lowering to a mean arterial pressure of Ͻ92 mmHg was not effective in slowing the progression of CKD (1, 42) . Our data in the present study also indicate that sEH inhibition was not effective in lowering blood pressure or altering renal blood flow but exerted renoprotective effects via its anti-inflammatory and antifibrotic functions.
Collectively, these studies demonstrate that the increased EETs present after pharmacological inhibition of sEH significantly attenuate histological damage, oxidative stress, and inflammatory responses, including reduced levels of inflammatory cytokines and chemokines, leukocyte infiltration, and adverse renal remodeling, in UUO kidneys. Our data demonstrate that EETs promote both anti-inflammatory and fibroprotective effects in UUO kidneys independent of their effects on blood pressure and renal blood flow and possibly through activation of PPAR-␥ and downregulation of PARP1, NF-B, and TGF-␤ 1 /Smad3 signaling pathways. Given the physiological and pathophysiological roles of the EET pathway, increasing EET bioavailability by inhibiting sEH or by other methods, including enhancing CYP epoxygenase expression and/or activity or administration of EET analogs, are possible strategies for preventing the progression of interstitial fibrogenesis and inflammation in CKD, including obstructive nephropathy.
